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I.  Introduction 


This  is  a  final  report  of  “High-temperature  ferromagnetism  in  Cr-  and  Mn-implanted 
AlxGai_xN”  for  the  period  from  24  March  2006  -  23  September  2007  under  AOARD  Contract 
#  FA5209-06-P-0213  at  the  Kangwon  National  University. 

This  research  involves  the  collaboration  with  Prof.  Yung  Kee  Yeo  of  Air  Force  Institute  of 
Technology  (AFTI),  WPAFB,  OH.  Close  collaboration  with  AFIT  keeps  the  Kangwon 
National  University  program  very  much  at  fore  front  of  the  latest  advancements  that  might 
influence  spintronic  device  research. 

II.  Objectives 

The  purpose  of  this  research  is  to  investigate  the  magnetic  properties  of  Cr-  and  Mn- 
implanted  AlxGai_xN  along  with  their  electrical  and  optical  properties.  The  objective  of  the 
research  is  to  detennine  optimal  conditions  for  fabricating  thin  films  of  AlxGai_xN  that  display 
ferromagnetism.  Although  recent  advances  in  ion-implantation  doping  of  group-III  nitrides 
with  Cr  and  Mn  are  making  progress,  efficient  and  controlled  doping  of  AlxGai_xN  with  Cr 
and  Mn  by  the  ion  implantation  technique  remains  a  challenging  problem.  Therefore,  we  have 
perfonned  a  systematic  investigation  of  annealing  temperature  effects  on  magnetic,  electrical, 
and  optical  properties  of  Cr-,  Mn-,  and  Ni-implanted  AlxGai_xN  to  produce  a  good,  thermally 
stable,  single  phase,  room  temperature,  ferromagnetic  AlGaCrN,  AlGaNiN,  and/or  AlGaMnN. 

III.  Research  Results 

In  order  to  produce  a  dilute  ferromagnetic  wide-bandgap  semiconductor  at  above  room 
temperature,  transition  metal  ions  such  as  Cr,  Ni,  and  Mn  are  implanted  into  host 
semiconductors  of  Alo.35Gao.65N.  1  -pm  Alo.35Gao.65N  was  grown  on  an  AIN  buffer  layer  which 
was  grown  on  a  sapphire  substrate  by  molecular  beam  epitaxial  (MBE)  method.  Cr,  Ni  or  Mn 
ions  were  implanted  into  Alo.35Gao.65N  at  an  ion  energy  of  200  keV  with  a  dose  ranging  from 
5x10  /cm"  (average  volume  concentrations  of  5  at.%)  at  room  temperature  by  Implant 
Sciences  in  USA.  After  implantation,  the  samples  were  annealed  from  675  to  775  °C  at  AFIT 
in  an  Oxy-Gon  furnace  using  the  rapid  thermal  annealing  method  in  an  N2  environment  for  5 
min  to  anneal  out  the  implantation  damage. 
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The  magnetic  moment  of  each  sample  was  measured  using  superconducting  quantum 
interference  device  (SQUID)  magnetometer.  The  SQUID  measurements  involved  both 
variable-field  measurements  to  determine  the  presence  of  magnetic  hysteresis  and 
temperature-dependent  magnetization  to  determine  the  temperature  range  in  which 
ferromagnetism  persists  as  well  as  the  presence  of  possible  secondary  magnetic  phases.  The 
temperature-dependent  measurements  have  been  made  in  both  field-cooled  (FC)  and  zero- 
field-cooled  (ZFC)  configurations.  In  FC  measurements,  the  ample  is  cooled  from  room 
temperature  to  5  K  with  a  500  Oe  magnetic  field  applied  to  the  sample,  while  in  ZFC 
measurements,  the  sample  is  cooled  to  5  K  with  no  magnetic  field  applied  before  magnetic 
moment  measurements  begin. 

A.  Ferromagnetic  properties  of  Nickel-implanted  Alo.35Gao.65N  (Accepted  for 

publication  in  the  Journal  of  the  Korean  Physical  Society) 

1.  Introduction 

The  possibility  for  room-temperature  applications  of  spin-transport  electronic  (spintronic) 
devices  has  lead  to  an  increased  interest  in  doping  wide-bandgap  semiconductors  with 
transition  metals  [1-5].  Much  of  this  interest  has  been  focused  on  GaN,  but  the  ternary  AlGaN 
possesses  similar  desirable  properties  for  spin-based  applications  such  as  spin  transistors  and 
polarized  light  emitters  [6-8].  The  most  prominent  methods  for  doping  wide-bandgap 
semiconductors  for  spintronic  purposes  are  ion  implantation  and  doping  during  epitaxial 
growth.  The  advantages  of  ion  implantation  technique  include  superior  control  of  dopant 
dose,  control  of  implantation  areas  to  allow  for  device  formation,  and  separating  growth  and 
doping  processes.  Separation  of  crystal  growth  and  doping  is  important  in  the  case  of  wide- 
bandgap  semiconductor  materials  doped  with  transition  metals,  particularly  when 
simultaneously  doping  the  material  with  donors  or  acceptors,  because  successful 
incorporation  of  transition  metals  requires  somewhat  extraordinary  growth  conditions  [9-13]. 

Accordingly,  the  research  reported  here  concerns  the  optical  and  magnetic  properties  of 
Ni-implanted  Alo.35Gao.65N  with  the  focus  being  on  finding  optimal  annealing  conditions  for 
the  realization  of  a  dilute  magnetic  semiconductor  (DMS).  We  report  the  fabrication  of  a 
DMS  material  in  which  magnetic  properties  persist  to  a  temperature  of  at  least  350  K  (77  °C) 
by  implanting  Alo.35Gao.65N  with  Ni  and  annealing  at  or  above  700  °C  for  5  min. 

2.  Experiment 

The  undoped  Alo.35Gao.65N  film  was  grown  by  molecular  beam  epitaxy  (MBE)  atop  an 
AIN  buffer  layer  on  a  sapphire  substrate.  The  Alo.35Gao.65N  film  thickness  was  about  1  pm  and 
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an  amorphous  cap  layer  of  500  A  thick  AIN  was  deposited  as  the  uppermost  layer  of  the  film. 
Both  ion  implantation  and  subsequent  annealing  took  place  with  this  capping  layer  in  place, 
but  it  was  removed  using  a  solution  of  0.5  M  KOH  before  optical  or  magnetic  measurements. 
The  ion  implantation  was  performed  at  room  temperature  with  an  implant  energy  of  200  keV 
to  a  dose  of  3x10  cm'".  These  implantation  parameters  correspond  to  a  peak  concentration  of 
3.45xl021  cm'3  at  a  projected  range  of  1009  A  under  the  surface  (509  A  below  the  surface  of 
the  Alo.35Gao.65N  film  after  removing  the  AIN  cap  layer).  After  implantation,  the  samples  were 
annealed  in  an  Oxy-Gon  annealing  furnace  at  temperatures  between  650  and  775  °C  for  5 
min.  Before  annealing,  each  Alo.35Gao.65N  sample  was  wrapped  face-to-face  with  a  GaN 
sample  that  was  also  implanted  with  Ni  ions.  The  proximity  cap  annealing  was  conducted  in 
an  atmosphere  of  pure  nitrogen  flowing  at  2  L/min. 

The  optical  properties  of  the  samples  were  characterized  by  cathodoluminescence  (CL)  to 
determine  the  effects  of  ion  implantation  and  damage  recovery  after  subsequent  annealing. 
The  CL  measurements  were  made  at  an  electron  beam  energy  of  10  keV  and  a  beam  current 
of  50  pA.  Direct  magnetic  moment  measurements,  as  a  function  of  applied  magnetic  field  and 
temperature,  were  made  using  a  superconducting  quantum  interference  device  (SQUID). 

3.  Results  and  discussion 

Cathodoluminescence  was  measured  at  5  K  for  Ni-implanted  Alo.35Gao.65N  annealed  at 
various  temperatures  in  flowing  nitrogen  gas  for  5  min,  and  the  results  are  shown  in  Fig.  1 
along  with  spectra  for  as-grown  and  as-implanted  Alo.35Gao.65N  samples.  As  shown  in  the 
figure,  the  as-grown  sample  is  characterized  by  strong  luminescence  in  the  ultraviolet  (UV) 
region  of  the  spectrum  centered  at  4.4  eV  and  a  much  smaller  broader  blue-green  peak 
centered  at  2.5  eV.  The  luminescence  peak  at  4.4  eV  is  attributed  to  band-edge  transitions, 
involving  unresolved,  combined  peaks  from  donor-bound  excitons,  donor-acceptor  pairs,  and 
their  phonon  replicas  [14].  The  as-implanted  sample  shows  practically  no  luminescence  at  all. 

As  evidenced  in  Fig.  1,  the  band-edge  luminescence  peak  was  not  observed  for  all  the 
implanted  and  annealed  samples.  However,  the  annealing  leads  to  the  emergence  of  a  strong, 
broad  CL  peak  in  the  green  region  of  the  spectrum  centered  at  2.35  eV  as  well  as  much  less 
intense  peaks  centered  in  the  violet  band  at  3.1  eV  and  UV  band  at  3.8  eV.  The  jagged 
appearance  of  the  2.35  eV  peaks  is  due  to  Fabry-Perot  type  interference.  The  intensities  of 
both  the  green  and  violet  luminescence  bands  increase  as  anneal  temperature  increases. 
Similar  CL  features  were  reported  for  Si-implanted  Alo.25Gao.75N  [15],  exhibiting  very  broad 
yellow  and  green  bands  at  slightly  different  energies  of  2.26  and  2.32  eV,  respectively. 
However,  these  yellow  and  green  bands  appear  only  after  annealing  at  1000  °C  or  higher, 
whereas  these  bands  appear  even  after  650  °C  anneal.  They  observed  that  both  the  green  band 
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Fig.  1.  CL  spectra  taken  at  5  K  for  Alo.35Gao.65N  implanted  with  Ni  ions  at  200  keV  to  a 

16  2 

dose  of  3x10  cm'  and  annealed  at  various  temperatures  for  5  min. 


and  Si  activation  increases  with  annealing  temperature,  and  thus,  the  green  band  is  related  to 
Si-donor  activation.  We  believe  that  a  similar  phenomenon  is  occurring  in  Ni-implanted 
Alo.35Gao.65N,  and  thus  the  2.36  eV  (green)  and  3.10  eV  (violet)  peaks,  which  are  not  present 
in  the  as-grown  sample  and  only  manifest  themselves  after  annealing,  are  believed  to  be 
related  to  the  activation  of  implanted  Ni  impurities  and/or  implantation-damage  related 
defects.  The  broad  peak  centered  around  3.82  eV  is  attributed  to  Al-N-0  complexes  at  the 
substrate-AIN  buffer  layer  interface  [16],  Although  the  implanted  and  annealed  samples  do 
not  show  bandedge  luminescence  due  to  the  large  amount  of  Ni  impurities,  they  certainly 
indicate  that  significant  implantation  related  damage  has  been  recovered.  All  these  CL 
observations  agree  well  with  the  results  of  magnetic  moment  measurements  discussed  below, 
which  show  that  coercivity  increases  with  annealing  temperature  up  to  750  °C. 

The  magnetic  properties  of  Ni-implanted  Alo.35Gao.65N  have  been  investigated  as  a 
function  of  annealing  temperature  from  650-775  °C  using  a  SQUID  magnetometer.  The 
results  of  magnetic  moment  measurements  taken  at  5  and  300  K  are  plotted  in  Fig.  2  as  a 
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function  of  magnetic  field  along  with  the  as-grown  and  as-implanted  (not  annealed)  samples. 
For  clarity  only  data  taken  at  5  and  300  K  are  shown  in  the  figure,  although  measurements 
have  been  taken  at  additional  temperatures. 


-5.0  -2.5  0.0  2.5  5.0 -5.0  -2.5  0.0  2.5  5.0 


Applied  Field  (kOe) 


Fig.  2.  Variable  field  magnetization  measurements  taken  at  5  and  300  K  for  Ni- 
implanted  Alo.35Gao.65N  annealed  from  650  to  775  °C  for  5  min.  Raw  data  (diamagnetic 
background  not  subtracted)  are  also  presented  for  the  as-grown  and  as-implanted 
samples. 
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The  as-grown  sample  (Fig.  2a)  clearly  shows  linear  diamagnetic  behavior  at  both  room 
temperature  and  5  K  that  is  mainly  attributable  to  the  sapphire  substrate.  The  as-implanted 
sample  (Fig.  2b)  also  shows  predominately  diamagnetic  behavior  at  room  temperature,  but  at 
5  K  it  shows  a  ferromagnetic  hysteresis  loop  superimposed  on  the  diamagnetic  component.  It 
is  believed  that  this  ferromagnetic  appearance  is  due  to  the  behavior  of  monatomic  Ni 
interstitials  in  the  Alo.35Gao.65N  lattice  [17].  As  such  these  magnetic  properties  are  not  useful 
for  the  fabrication  of  DMS-based  electronics.  Upon  annealing,  all  the  samples  show  hysteresis 
loops  indicative  of  ferromagnetic  behavior  in  variable  field  measurements,  but  the 
diamagnetic  background  effect  remains  present  in  the  measured  data  for  all  samples 
regardless  of  annealing  conditions,  and  thus  affects  the  magnetization  curves  taken  at  5  and 
300  K. 

Since  the  diamagnetic  component  due  mainly  to  the  sapphire  substrate  significantly  affects 
the  magnetization  curve,  it  was  corrected  in  order  to  obtain  the  true  magnetic  properties  of  the 
annealed  samples  owing  to  the  Ni  implantation,  and  the  corrected  results  are  shown  in  Fig. 
2(c-h).  To  perform  this  correction,  the  linear  diamagnetic  component  as  a  function  of 
magnetic  field  has  been  removed  for  each  data  point.  The  specific  correction  used  here  is  that 
the  background  diamagnetism  is  removed  by  rotating  each  data  point  comprising  the  variable 
field  measurement  about  the  origin  by  an  identical  angle.  The  angle  is  determined  by  what  is 
necessary  to  cause  the  linear  region  observed  above  saturation  to  be  parallel  to  the  x-axis. 

Variable  field  measurements  reveal  that  the  sample  annealed  at  700  °C  for  5  min 
demonstrates  the  greatest  dominance  of  ferromagnetism  as  well  as  the  highest  saturation 
magnetization.  For  this  sample,  a  higher  applied  field  of  approximately  8  kOe  was  required  to 
induce  magnetic  saturation.  These  measurements  also  show  that  the  magnetic  signatures  of 
ferromagnetism  (hysteretic  separation  and  saturation)  persist  to  room  temperature  in  the 
samples  annealed  between  675  and  775  °C.  The  sample  annealed  at  650  °C  for  5  min  is 
superparamagnetic  since  it  shows  clear  magnetic  saturation  but  negligible  hysteretic 
separation. 

The  coercive  and  remanent  fields  for  the  measurements  shown  in  Fig.  2  are  detailed  in 
table  1.  These  data  have  linear  diamagnetic  influences  removed  before  determination  of  the 
coercive  and  remanent  fields.  As  shown  in  table  1  and  Fig.  2,  the  coercive  field  increases  up 
to  222  Oe  at  5  K  and  1 18  Oe  at  room  temperature  as  the  anneal  temperature  increases  up  to 
750  °C  and  then  it  decreases.  According  to  the  strength  of  the  coercive  field,  the  sample 
annealed  at  750  °C  for  5  min  shows  the  strongest  ferromagnetic  behavior.  This  sample  also 
displays  the  greatest  remanent  fields  (as  a  percentage  of  saturation  magnetization)  at  both  5  K 
(22%)  and  room  temperature  (16%)  with  similar  values  for  the  sample  annealed  at  725  °C. 
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The  sample  annealed  at  700  °C  shows  promise  because  it  has  the  highest  saturation  magnetic 
moment  as  seen  in  the  magnetization  data  in  Fig.  2. 


Table  1.  Coercive  (Hc)  and  remanent  fields  (EC)  at  5  and  300  K  for  various  annealing 
conditions  in  Ni-implanted  Alo.35Gao.65N.  Coercive  fields  given  are  an  average  of  the 
positive-  and  negative-going  zero  magnetization  crossings.  Remanent  fields  are  reported 
as  a  percentage  of  saturation  magnetization  (Ms),  which  also  varies  with  annealing 
temperature. 


Annealing  Conditions 

Coercive  Fields  (O,.) 

Remanent  Fields  (%  of  Ms) 

Temp  (°C) 

Time  (min) 

5  K 

300  K 

5  K 

300  K 

650 

5 

75 

41 

16 

8 

675 

5 

136 

88 

16 

13 

700 

5 

167 

98 

17 

12 

725 

5 

191 

95 

23 

14 

750 

5 

222 

118 

22 

16 

775 

5 

165 

94 

17 
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For  the  sample  annealed  at  700  °C  for  5  min,  hysteresis  measurements  were  also  made  as  a 
function  of  sample  temperature  at  seven  temperatures  from  5  to  350  K.  For  clarity,  only  three 
representative  results  of  these  measurements  are  depicted  in  Fig.  3.  These  measurements  have 
the  as-grown  (unimplanted)  background  subtracted  (with  weight  discrepancies  factored).  The 
coercive  field  decreases  from  167  to  98  Oe  and  the  remanent  field  decreases  from  16.5  to 
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12.2%  of  M5  value  of  ~  10'4  emu  as  the  sample  temperature  increases  from  5  to  350  K.  The 
data  collected  at  temperatures  between  those  reported  followed  the  trend  of  decreasing 
coercive  and  remanent  field  strengths  with  increasing  sample  temperature. 


Fig.  3.  Variable  field  measurements  taken  at  temperatures  of  5,  200,  and  350  K  for  Ni- 
implanted  Alo.35Gao.65N  annealed  at  700  °C  for  5  min.  The  inset  is  a  close-up  view  of 
magnetic  behavior  near  the  origin  to  show  the  effect  of  temperature  on  remanent  and 
coercive  field  strengths. 


Figure  4  shows  the  magnetic  measurements  of  Ni-implanted  Alo.35Gao.65N  annealed  at 
various  temperatures  as  a  function  of  sample  temperature  under  both  field-cooled  (FC)  and 
zero-field-cooled  (ZFC)  conditions.  A  probing  field  of  500  Oe  was  used  during  both 
measurements  and  during  field  cooling.  For  the  as-grown  sample,  the  FC  and  ZFC 
magnetization  curves  have  no  separation  at  all  until  the  sample  temperature  falls  below  50  K, 
where  the  FC  magnetization  begins  to  increase  rapidly.  The  as-implanted  sample  shows 
almost  no  separation  between  FC  and  ZFC  magnetization  curves  as  seen  in  the  figure.  The 
divergence  between  FC  and  ZFC  magnetization  below  50  K  in  the  as-implanted  sample  is 
explained  by  the  presence  of  a  spin-glass  phase.  When  cooled  without  an  applied  field,  the 
material  “freezes"  into  a  state  of  frustrated  magnetic  ordering  with  a  smaller  magnetic 
moment  arising  from  the  Ni-implanted  Alo.35Gao.65N,  so  that  the  sample  is  more  dominated  by 
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the  background  diamagnetism.  As  the  sample  is  warmed,  the  frustrated  magnetic  ordering  is 
lost  due  to  thermal  effects,  so  the  net  magnetic  moment  rises.  When  the  material  is  cooled  in 
the  presence  of  the  500  Oe  probing  field,  the  magnetic  ordering  is  not  frustrated  and  so  the 
total  magnetic  moment  rises  as  thermal  disordering  effects  are  reduced. 
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Fig.  4.  Variable  temperature  measurements  on  Alo.35Gao.65N  samples  implanted  with 
Ni  and  annealed  at  various  temperatures  for  5  min. 


By  contrast,  all  of  the  annealed  samples  show  hysteretic  behavior  persisting  to  room 
temperature  (Fig.  2(c-h))  as  well  as  clear  FC-ZFC  magnetization  separation  in  temperature- 
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dependent  measurements.  The  data  presented  in  Figs.  2  and  4  show  that  ferromagnetism  is 
present  in  annealed  Al0.35Ga0.65N:Ni  at  temperatures  up  to  (and  probably  above)  350  K  (77 
°C).  The  difference  between  annealed  and  unannealed  samples  is  clarified  by  the  fact  that  the 
as-implanted  sample  shows  a  predominantly  diamagnetic  character  at  room  temperature  and 
has  almost  no  separation  between  FC  and  ZFC  magnetization  curves  as  seen  in  Fig.  4.  Further 
indication  that  this  material  is  dominated  by  a  ferromagnetic  phase  is  seen  in  Fig.  4  where  FC 
and  ZFC  magnetization  measurements  are  separated  and  track  together  at  low  temperatures, 
which  occurs  due  to  the  decrease  in  random  thermal  effects  that  tend  to  reduce  magnetic 
ordering.  Testing  at  temperatures  above  350  K  was  not  possible  due  to  limitations  of  the 
equipment  used,  so  the  lack  of  difference  between  FC  and  ZFC  magnetization  at  350  K  may 
be  due  to  equipment  limitations  more  than  physical  phenomenon  occurring  in  the  dilute 
magnetic  semiconductor.  The  presence  of  a  “hump"  in  the  ZFC  data  in  the  samples  annealed 
at  and  above  700  °C  indicates  that  there  may  be  a  spin-glass  phase  present  concurrently  with 
the  dominant  ferromagnetic  phase.  Minimizing  the  presence  of  this  phase  will  allow  for  more 
efficient  use  of  the  implanted  Ni  from  a  magnetic  ordering  standpoint. 


Fig.  5.  X-ray  diffraction  data  from  Ni-implanted  Alo.35Gao.65N  annealed  at  750  °C  for 
5  min. 

In  order  to  verify  implantation  damage  recovery  and  to  rule  out  secondary  phases  as  the 
source  of  ferromagnetism  in  the  Ni-implanted  Alo.35Gao.65N  sample  annealed  at  750  °C  for  5 
min,  X-ray  diffraction  (XRD)  measurements  were  also  performed  using  Cu-Ka  radiation 
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(A,=1.5418  A).  The  results  of  the  29  scan  are  shown  in  Fig.  5.  The  line  seen  around  34.5°  in 
the  29  scan  is  a  result  of  reflections  from  the  (9992)  plane  of  AlGaN  [18,19].  The  weak 
shoulder  to  the  right  of  peak  at  34.5°  indicates  the  presence  of  DMS  material  [29].  Its  low 
intensity,  compared  to  the  (9992)  peak,  is  explained  by  the  fact  that  only  a  fraction  of  the 
volume  of  the  Alo.35Gao.65N  contains  the  implanted  Ni.  The  peak  at  around  74°  occurs  because 
of  reflections  from  the  (9994)  plane  in  AlGaN  [18].  The  peak  at  43.3°  indicates  reflection 
from  the  (113)  plane  of  the  AFO3  substrate  [21]. 

The  consistency  of  XRD  data  between  as-grown  AlGaN  films  reported  in  literatures  [18, 
19]  and  the  Alo.35Gao.65N  implanted  with  Ni  and  annealed  at  759  °C  for  5  min  indicates  that 
the  implant  damage  has  been  largely  recovered  by  the  annealing  performed  on  this  sample. 
Possible  secondary  ferromagnetic  phases  (Ni  ,  Ni3Al  ,  and  Ni3Ga,  assuming  similarity  to 
N  i3  A 1 )  have  been  eliminated  as  sources  for  the  shoulder  to  the  right  of  the  (9992)  AlGaN  peak 
by  XRD  measurements  reported  for  Ni  and  Ni3Al  [22,23]. 

4.  Conclusions 

Magnetic  characterization  studies  have  been  conducted  using  SQUID  magnetometry  on 
MBE-grown  Alo.35Gao.65N  implanted  with  Ni  at  room  temperature  with  an  energy  of  299  keV 
to  a  dose  of  3x19  cm"  and  annealed  at  various  temperatures  in  flowing  nitrogen  gas.  It  has 
been  found  that  the  ferromagnetic  properties  and  implantation  damage  recovery  are  dependent 
upon  anneal  temperature,  but  all  the  materials  show  clear  signs  of  ferromagnetism  after 
annealing  between  675  and  775  °C  for  5  min.  The  ferromagnetic  property  persists  above  room 
temperature,  and  at  an  optimum  anneal  temperature  of  around  759  °C,  a  coercive  field  width 
of  1 18  Oe  and  a  remanent  field  of  16%  of  the  saturation  magnetization  of  2.6x1 9"5  emu  were 
obtained  at  399  K.  Field-cooled  (FC)  and  zero-field-cooled  (ZFC)  magnetization 
measurements  as  a  function  of  sample  temperature  also  indicate  the  presence  of  a 
ferromagnetic  phase  in  this  material,  although  there  may  be  a  weak  spin-glass  phase 
competing  with  the  ferromagnetism.  The  Curie  temperature  is  estimated  to  be  around  359  K. 
Although  bandedge  luminescence  is  absent  from  the  implanted  and  annealed  samples,  the 
variation  of  CL  intensity  as  a  function  of  anneal  temperature  indicates  that  significant 
implantation-related  damage  has  been  recovered  after  annealing.  The  XRD  measurements 
also  confirm  that  the  lattice  structure  of  Ni-implanted  sample  is  recovered  well  after  annealing 
at  759  °C  for  5  min,  indicating  good  Ni  incorporation  into  the  Alo.35Gao.65N.  Furthermore, 
XRD  measurements  also  show  no  indication  of  secondary  phase  formation  and/or  clusters 
involving  Ni.  Thus,  the  observed  ferromagnetism  in  this  material  can  be  attributed  to  Ni 
incorporation  into  Alo.35Gao.65N,  forming  a  dilute  ferromagnetic  semiconductor. 
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B.  Room  temperature  ferromagnetic  properties  of  transition  metal  implanted 
Alo.35Gao.65N  (Published  in  the  Journal  of  Alloys  and  Compounds  423  (2006),  184- 
187) 

1.  Introduction 

The  potential  for  room  temperature  ferromagnetism  in  a  semiconductor  material  has  led  to 
much  work  involving  doping  wide-bandgap  semiconductors  with  transition  metals  (TMs)  [1- 
5].  AlGaN  is  among  the  materials  that  will  be  useful  for  spin  transport  electronics 
(spintronics)  applications  such  as  spin  transistors  or  polarized  light  emitters  when  doped  with 
TMs  [6-8].  Doping  with  transition  metals  during  epitaxial  growth  of  wide-bandgap 
semiconductors  requires  unusual  growth  conditions  [9-13],  which  can  lower  the  quality  of  the 
semiconductor  material  as  well  as  cause  problems  with  the  incorporation  of  nor  p-type 
dopants.  Ion  implantation  of  TMs  avoids  these  difficulties  associated  with  incorporating  them 
during  the  growth  process  as  well  as  allowing  for  more  precise  dosage  and  lateral  control  of 
the  dopant  profde.  The  implantation  process,  however,  does  induce  damage  in  the 
semiconductor  crystal,  and  thus  proper  annealing  must  be  performed  to  remove  this  damage. 

2.  Experiment 

A  nominally  undoped  Alo.35Gao.65N  was  implanted  with  Cr,  Mn,  or  Ni  at  room  temperature 
with  an  ion  energy  of  200  keV  and  annealed  at  temperatures  between  650  and  800  °C  in  an 
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atmosphere  of  flowing  nitrogen  gas.  Evidence  of  the  implantation  damage  recovery  was 
evaluated  using  cathodoluminescence  (CL)  measurements.  Based  on  the  Hall  effect 
measurements  performed  on  similar  AlGaN  samples,  the  nominally  undoped  Alo.35Gao.65N  is 
an  n-type  with  a  room-temperature  free  carrier  concentration  on  the  order  of  10  "cm  .  The 
magnetic  moment  of  each  sample  was  measured  using  superconducting  quantum  interference 
device  (SQUID)  magnetometer.  The  SQUID  measurements  involved  both  variable-field 
measurements  to  detennine  the  presence  of  magnetic  hysteresis  and  temperature  dependent 
magnetization  to  detennine  the  temperature  range  in  which  ferromagnetism  persists  as  well  as 
the  presence  of  possible  secondary  magnetic  phases.  The  temperature-dependent 
measurements  have  been  made  in  both  field-cooled  (FC)  and  zero-field-cooled  (ZFC) 
configurations.  In  FC  measurements,  the  sample  is  cooled  from  room  temperature  to  5  K  with 
a  500  Oe  magnetic  field  applied  to  the  sample,  while  in  ZFC  measurements,  the  sample  is 
cooled  to  5  K  with  no  magnetic  field  applied  before  magnetic  moment  measurements  begin. 

3.  Results  and  discussion 


3. 1.  Cr-implanted Alo.35Gao.65N 

The  results  of  variable  magnetic  field  measurements  performed  at  both  5  and  300  K  are 
shown  in  Fig.  1(a)  for  the  Cr-implanted  Alo.35Gao.65N  with  a  dose  of  5><10  cm  "  and 
annealed  at  a  temperature  of  750  °C  for  5  min  in  a  flowing  nitrogen  atmosphere.  The  data 
shown  here  are  corrected  for  the  diamagnetic  background  of  the  sapphire  substrate.  For  this 
sample,  the  hysteresis  curve  shows  a  coercive  field  ( HC )  width  of  308  Oe  at  5  K  and  178  Oe 
at  300  K.  The  data  presented  in  Fig.  1(a)  also  indicate  saturation  magnetization  (Ms)  values  of 
0.35  Bohr  magneton  (pe)  per  implanted  Cr  atom  at  both  5  and  300  K.  The  maximum  atomic 
magnetic  moment  value  calculated  for  Cr21  ion  is  4.8  pe  [14,  Table  31.4].  The  remanent  field 
(Br)  values  are  17%  and  1 1%,  respectively,  as  a  fraction  of  Ms  values  of  3X 10  5  emu  at  both  5 
and  300  K.  Temperature-dependent  magnetization  measurements  on  the  Cr-doped 
Alo.35Gao.65N  sample  annealed  at  750  °C  also  indicate  ferromagnetism.  As  depicted  in  Fig. 
1(b),  the  separation  between  field-cooled  (FC)  and  zero-field-cooled  (ZFC)  magnetization 
values  is  evident  and  both  magnetization  curves  move  steadily  together  as  temperature 
decreases. 

The  CL  measurements,  which  are  not  shown  here,  have  an  increasingly  intense  blue-green 
peak  as  annealing  temperature  is  raised  from  650  to  750  °C.  Because  of  similar  behavior  in 
Si-implanted  Alo.25Gao.75N  [16],  this  observation  is  believed  to  stem  from  increasing 
incorporation  of  the  Cr  into  the  Alo.35Gao.65N  crystal  lattice. 
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Fig.  1 .  (a)  Hystersis  loops  of  variable  magnetic  field  measurements  performed  at  5  and 
300  K  on  Alo.35Gao.65N  implanted  with  Cr  and  annealed  at  750  °C  for  5  min  in  flowing 
nitrogen  gas.  The  diamagnetic  contribution  of  the  sapphire  substrate  has  been 
removed  in  the  data  presented,  (b)  Temperature-dependent  magnetization 
measurements,  under  both  zero-field-cooled  and  field-cooled  (at  500  Oe)  conditions, 
for  Cr-implanted  Alo.35Gao.65N  annealed  for  5  min  at  750  °C  in  flowing  N2. 


Because  of  the  strong  indications  of  ferromagnetism  by  hysteresis  curve  and  FC-ZFC 
curve  separation,  and  the  CL  measurements  showing  reasonable  damage  recovery,  Cr- 
implanted  Alo.35Gao.65N  is  believed  to  be  a  true  dilute  ferromagnetic  semiconductor  (DMS) 
material.  However,  the  possibility  of  these  magnetic  observations  arising  from  clusters  cannot 
be  ruled  out  without  experiments  that  confirm  the  interaction  of  the  d-shell  electrons  from  the 
transition  metal  with  the  conduction  and/or  valence  bands  of  the  semiconductor. 

3.2.  Mn-implanted  Alo.35Gao.65N 

The  corrected  ferromagnetic  hysteresis  curve  is  shown  in  Fig.  2(a)  for  the  Alo.35Gao.65N 
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wafer  implanted  with  Mn  to  a  dose  of  5 x  1 0 1 6  cm  2  and  annealed  at  750  °C  for  5  min  in 
flowing  N2  gas.  The  value  of  IIq  measured  for  this  sample  at  5  K  is  279  Oe,  and  the  Hq  value 
measured  at  300  K  is  180  Oe.  The  value  of  Ms  for  the  sample  annealed  at  750  °C  is  0.34  pB 
per  Mn  atom  at  5  K  and  0.37  jlxb  per  Mn  atom  at  300  K.  The  maximum  calculated  magnetic 
moment  per  Mn'  atom  is  5.9  pB  [14,  Table  31.4].  The  values  of  B R,  as  a  percentage  of  Ms, 
are  19%  at  5  K  and  1 1%  at  300  K. 


Fig.  2.  (a)  Hysteresis  in  variable  magnetic  field  measurements  perfonned  at  5  and  300 
K  on  Mn-implanted  Alo.35Gao.65N  annealed  at  750  °C  for  5  min  in  flowing  N2  gas. 
Diamagnetic  response  from  the  sapphire  substrate  has  been  removed,  (b)  Results  of 
magnetization  vs.  temperature  measurements  performed  on  Mn-implanted 
Alo.35Gao.65N  annealed  at  750  °C  for  5  min  in  flowing  N2  gas  under  zero-field-cooled 
and  field-cooled  (at  500  Oe)  conditions. 
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Temperature-dependent  magnetization  measurements  taken  from  Alo.35Gao.65N  annealed  at 
750  °C  for  5  min  under  both  FC  and  ZFC  conditions  are  shown  in  Fig.  2(b).  The  separation 
between  FC  and  ZFC  magnetization  curves  indicate  the  presence  of  ferromagnetism  in  this 
material.  The  FC-ZFC  separation  is  greater  overall  in  the  sample  annealed  at  775  °C  (not 
shown),  but  there  is  a  slight  rise  in  the  ZFC  values  around  175  K  that  may  be  indicative  of  a 
spin-glass  phase  in  this  material  when  annealed  at  higher  temperatures.  Therefore,  it  should 
be  further  studied  as  a  possible  candidate  material  for  spintronic  devices.  Because  of  the 
larger  calculated  magneton  value  from  Mn“  ,  the  Mn-implanted  Alo.35Gao.65N  will  allow  for 
stronger  magnetic  moments  even  when  maximum  magnetic  activation  efficiency  is  not 
achieved. 
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Fig.  3.  (a)  Magnetic  hysteresis  measurements  at  both  5  and  300  K  for  Ni  implanted 
Alo.35Gao.65N  annealed  at  700  °C  for  5  min  in  flowing  nitrogen  gas.  Note  that  applied 
field  scale  is  larger  due  to  higher  saturation  magnetization  in  this  sample.  Although 
the  contribution  from  the  sapphire  substrate  is  small  compared  to  the  saturation 
moment  from  this  sample,  the  background  diamagnetism  has  been  removed,  (b) 
Temperature-dependent  magnetization  measurements  of  Ni-implanted  Alo.35Gao.65N 
annealed  at  700  °C  for  5  min  in  flowing  N2  under  both  field-cooled  (at  500  Oe)  and 
zero-field-cooled  conditions. 
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3.3.  Ni-implanted  Alo.35Gao.65N 

The  corrected  hysteresis  loops  for  the  Ni-implanted  Alo.35Gao.65N  sample  measured  at  5 
and  300  K  are  shown  in  Fig.  3(a).  The  strongest  evidence  of  ferromagnetism  occurs  in  the 
sample  annealed  at  700  °C  for  5  min,  showing  He  values  of  334  and  195  Oe  at  5  and  300  K, 
respectively.  The  values  determined  from  the  hysteresis  loops  at  both  5  and  300  K  are  1.8 
pis  per  implanted  Ni  atom.  The  calculated  magneton  value  for  the  Ni"  ion  is  3.2  pb  [14,  Table 
31.4].  This  high  value  of  Ms  required  an  applied  magnetic  field  of  10,000  Oe  to  induce 
magnetic  saturation,  which  is  the  reason  why  the  width  of  He  in  Fig.  3(a)  appears  smaller  than 
in  Figs.  1(a)  and  2(a).  The  remanent  fields  are  17%  and  12%  of  Ms  at  5  and  300  K, 
respectively.  Similar  percentages  are  found  in  this  material  annealed  at  other  temperatures. 

The  results  of  temperature-dependent  magnetization  measurements  of  Ni-implanted 
Alo.35Gao.65N  annealed  at  700  °C  are  shown  in  Fig.  3(b).  Despite  the  strong  evidence  of 
ferromagnetism  in  variable  field  measurements,  the  magnetization  versus  temperature 
measurements  of  this  sample  show  a  lack  of  FC-ZFC  separation  at  temperatures  above  275  K. 
This  is  most  likely  due  to  the  fact  that  hysteresis  measurements  tend  to  be  more  sensitive 
indicators  of  ferromagnetism  at  high  temperatures  than  do  FC-ZFC  differences  [15]. 
However,  the  fact  that  FC  and  ZFC  magnetization  curves  track  together  at  low  temperatures 
with  a  clear  separation  does  indicate  ferromagnetism  in  this  sample.  While  certain  contra¬ 
indications  do  exist,  it  is  reasonable  to  conclude  that  Ni-implanted  Alo.35Gao.65N  does  show 
ferromagnetism  persisting  to  room  temperature.  The  source  of  this  ferromagnetism,  however, 
may  be  clusters  or  precipitates,  since  experiments  to  detennine  whether  preferential  spin  is 
being  imparted  to  carriers  in  the  semiconductor  have  not  been  performed.  The  most  attractive 
feature  of  this  material  is  the  high  Ms  value  and  correspondingly  high  f?R  value,  which 
indicates  the  potential  for  enhanced  magnetic  stability. 

4.  Conclusions 

The  nominally  undoped  Alo.35Gao.65N  samples  were  implanted  with  Cr,  Mn,  and  Ni  at 

1  s:  _ o 

room  temperature  with  an  energy  of  200  keV  to  a  dose  of  5X 10  cm  for  Cr  and  Mn  and  to  a 
dose  of  3x10  cm  ~  for  Ni.  Ferromagnetism  for  these  materials  that  persists  to  room 
temperature  after  annealing  under  proper  conditions  was  demonstrated  through  magnetic- 
field-dependent  hysteresis  loop  measurements  and  temperature-dependent  field-cooled  and 
zero-field-cooled  magnetization  measurements  using  a  SQUID  magnetometer.  This  property 
is  critical  to  the  fabrication  of  practical  spintronic  devices  based  on  dilute  magnetic 
semiconductors.  Coercive  fields  of  178,  180,  and  195  Oe  were  obtained  at  room  temperature 
for  the  Alo.35Gao.65N  samples  implanted  with  Cr,  Mn,  and  Ni,  respectively.  The  evolution  of 
ion-implantation  damage  recovery  was  also  evaluated  by  cathodoluminescence  measurements. 
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The  fact  that  the  ion  implantation  technique  can  also  produce  dilute  ferromagnetic  materials 
with  transition  metal  implantation  enhances  the  capability  for  spintronic  device  fabrication  if 
true  interaction  between  the  transition  metal’s  d-orbital  electrons  and  carriers  in  the 
semiconductor  can  be  confirmed  by  experiments  that  would  measure  the  anomalous  Hall 
effect  or  magnetic  circular  dichroism.  The  results  of  this  study  will  also  allow  AlGaN  to  join 
other  wide-bandgap  semiconductors  in  the  future  exploitation  of  room-temperature 
ferromagnetic  semiconductors 
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IV  Summary 


Ferromagnetism  for  Cr-,  Mn,  and  Ni-implanted  Alo.35Gao.65N  that  persists  to  room 
temperature  after  annealing  under  proper  conditions  was  demonstrated  through  magnetic- 
field-dependent  hysteresis  loop  measurements  and  temperature-dependent  field-cooled  and 
zero-field-cooled  magnetization  measurements  using  a  SQUID  magnetometer.  This  property 
is  critical  to  the  fabrication  of  practical  spintronic  devices  based  on  dilute  magnetic 
semiconductors.  The  fact  that  the  ion  implantation  technique  can  also  produce  dilute 
ferromagnetic  materials  with  transition  metal  implantation  enhances  the  capability  for 
spintronic  device  fabrication.  However,  these  measurements  highlight  the  need  for  further 
characterization  to  detennine  whether  there  is  sp-d  hybridization  and  which  annealing 
conditions  maximize  true  DMS  behavior.  In  order  to  characterize  the  interaction  between  the 
transition  metal’s  ^/-orbital  electrons  and  carries  in  Alo.35Gao.65N,  magnetic  circular  dichroism 
(MCD)  or  X-ray  MCD  measurements  will  be  performed  at  the  AFIT  or  Pohang  Accelerator 
Laboratory,  respectively. 


21 


